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ABSTRACT













DESIGN AND DEVELOPMENT OF NOVEL HETEROGENEOUS NANOPALLADIUM CATALYSTS FOR ORGANIC TRANSFORMATIONS
	The thesis deals with the design and development of a new class of nanopalladium catalysts for C-C bond formation reactions. The first chapter deals with the importance of palladium catalysis and major problems encountered in the conventional homogeneous process. The need for design and development of cleaner and alternative catalytic technologies, specifically metal nanoparticle study approaches for higher order of activity and selectivity is also discussed in this chapter. Chapter 2 deals with the preparation and characterization of heterogeneous nanopalladium catalysts for the C-C bond formation reactions of unreactive chloroarenes. Chapter 3 describes the synthesis and isolation of surface transient organometallic intermediates formed in the coupling reactions to validate the reaction mechanism. Chapter 4 which is divided into two sections, describes catalytic bifunctional approaches for the synthesis of chiral diols and carbonyl compounds in single pot. 
CHAPTER-I: Introduction
This chapter introduces the-state-of-the-art practiced in industry and laboratory in the area of palladium catalysis mediated by metal complexes both in homogeneous and heterogeneous conditions. The merits and demerits of conventional palladium catalysis are discussed in length. The importance of bifunctional catalysts for asymmetric synthesis and the necessity to design and develop environmentally cleaner catalytic methodologies with heterogeneous catalysts is also highlighted.
 	Different methods of immobilization of catalysts are detailed. The structures and properties of the materials like silica, clays, layered double hydroxides and polymers are discussed to familiarize the supports used for the development of heterogeneous catalysts.
CHAPTER-II: Layered Double Hydroxide Supported Nanopalladium Catalyst forthe Coupling Reactions of Chloroarenes
The immobilization and chemical modification of homogeneous catalysts to form heterogeneous analogues of well-defined structures anchored to an insoluble matrix is of current interest. If the catalyst is soluble under the reaction conditions, the separation of the catalyst from the reaction mixture becomes problematic. In a heterogeneous system, the catalyst can be easily separated from the reaction mixture by filtration. A high activity of a supported catalyst often calls for a large active surface area and, thus, for small particles, i.e. a high dispersion of the active phase. Because small particles, especially small metal particles, tend to sinter already at relatively low temperatures, these generally are applied onto a pre-existing support material which itself is thermally stable and maintains a high specific surface area up to high temperatures. In this regard we chose an ion-exchange technique to heterogenize PdCl42- on various ion-exchangers such as layered doubled hydroxides (LDH), modified silica and resin in an effort to evolve the best heterogeneous nanopalladium catalyst to achieve high turnover frequency (TOF) when compared with both homogeneous and heterogeneous systems reported earlier. The heterogeneous nanopalladium catalysts are well characterized.

                           
                                 (a)                                                                     (b)
Scheme 1. Synthesis of exchanger-PdCl4 catalysts and the structures of (a) LDH- PdCl4, (b) resin- PdCl4 
As the Heck-olefination became an excellent tool for the synthesis of styrene derivatives due to its tolerance for a wide variety of functional groups on both the reactants involved in this coupling reaction. The Heck-olefination has received considerable attention in recent years as it offers a versatile method for the generation of new carbon-carbon bonds. Heck-olefination products are widely used in the preparation of materials, natural products, drugs and pharmaceuticals and in bioorganic chemistry. Naproxen, an anti-inflammatory nonsteroidal drug, 4-methoxyethyl cinnamate, a key intermediate for diltiazem hydrochloride a typical calcium antagonist, octylmethoxy cinnamate, a widely used UV-absorber, and prosulfuron, a sulfonylurea herbicide are prepared on industrial pilot scale using the Heck-olefination reaction. To know the synthetic potential of these supported catalysts, we evaluated these catalysts for the Heck olefination of bromo- and iodoarenes.

Scheme 2. Heck-olefination of bromo- and iodoarenes with olefins using LDH-Pd0 catalyst
In order to extend the scope of Heck-olefination reaction, the iodoarenes are further coupled with Baylis-Hillman adducts. The adducts which possessing allylic alcohol and ,-unsaturated ester moieties in which the carbon-carbon double bond is an integral part of both allylic alcohol and ,-unsaturated ester moieties prepared in situ are arylated with iodoarenes to afford impressive yields of 1,3-dicarbonyl products via -hydride elimination in a single pot.

Scheme 3. Arylation of Baylis-Hillman adducts using LDH-Pd0
	The foundation of synthetic organic chemistry rests on the ability to form and manipulate carbon-carbon bonds. Palladium catalyzed coupling of bromo- and iodoarenes by Heck-, Suzuki-, Sonogashira-, and Stille-type reactions is a well established methodology in modern organic synthesis. Despite the synthetic elegance and high turnover number, these coupling reactions suffer from serious limitations of using expensive bromo- and iodoarenes that precluded the wide use in industry. The renaissance of the coupling reactions, one of the most important organic transformations in organic synthesis stems from the recent discovery of the activation of chloroarenes, the easily and cheaply available feedstock catalyzed by palladium complexes composed of basic ligand. The strong basic ligands devised to provide the requisite electron density on palladium to undergo oxidative addition of Pd0 with chloroarenes indeed facilitates the coupling reactions successfully.
As the reactivity of haloarenes in the coupling reactions is in the order of ArCl<ArBr<ArI, the palladium catalysts that induce the reaction with chloroarenes are very attractive over the other haloarenes. The reactivity of these chloroarenes in the coupling reactions is correlated to the nucleophilicity of the aromatic ring. Thus the reactivity is in the order: activated electron poor chloroarenes > non-activated electron neutral chlorobenzene > deactivated electron rich chloroarenes.  
It is highly desirable to develop a phosphine free new recyclable heterogeneous catalytic system to promote easy commercialization and dispense the use of expensive and air sensitive basic phosphines for palladium catalyzed coupling reactions of chloroarenes. We chose a basic support, Mg-Al layered double hydroxides (LDH) as the material of choice, which is expected not only to stabilize the nanopalladium particles but also to provide the adequate electron density to the anchored Pd0 species to facilitate oxidative addition of even the deactivated electron rich chloroarenes. 
Scheme 4. LDH-Pd0 catalyzed coupling reactions of chloroarenes
The plausible mechanism proceeds similarly as in the homogeneous phase involving Pd0/PdII cycle.


























Scheme 5. Plausible mechanism for the LDH-Pd0 catalyzed Heck-olefination of chloroarenes
CHAPTER-III: Synthesis of Surface Transient Organopalladium Intermediates in Coupling Reactions: The Mechanistic Insight
Surface organometallic chemistry is an area of heterogeneous catalysis, which has recently emerged as a result of a comparative analysis of homogeneous and heterogeneous catalysis. The chemical industry has often favored heterogeneous catalysis, but the development of better catalysts has been hindered by the presence of numerous kinds of active sites and also by the low concentration of active sites. The greatest challenge lies in the conceptual transfer of molecular organometallic chemistry to surface organometallic chemistry in order to achieve single site industrially desired heterogeneous catalyst, to realize high order of activity and selectivity in the chemical reactions.
In an effort to traverse deep insight into the mechanism of the C-C coupling reaction involving Heck-, Suzuki-, Sonogashira-, and Stille-type reactions, we undertook the sequential preparation of surface transient organometallic (STO) intermediates of the C-C coupling of chloroarenes on LDH-Pd0, and characterization by XPS and TGA-MS. We designed for the first time the combined use of X-ray Photoelectron Spectroscopy (XPS) and Thermogravimetric Analysis-Mass Spectroscopy (TGA-MS) to observe transient catalytic intermediates involved in the Pd(0)-catalyzed coupling reactions.
The formation of only one STO intermediate in all the coupling reactions during their reaction sequences is exemplary, which indicates the evolution of single site heterogeneous catalyst by transfer of molecular organometallic chemistry to surface organometallic chemistry. This opens a new era of developing surface transient organometallic single site catalytic species.  

Scheme 6. Validated mechanistic cycle for the coupling reactions



CHAPTER-IV: Heterogeneous Bifunctional Catalysts for Tandem Reactions
Many enzymes partake in the intricate construction of complex structures with fascinating stereochemistry from a very small molecule in biological systems. The biomimic approach to realize the multistep reactions, composed of multicomponent system in a single pot synthesis has been confined to a few examples that include the synthesis of corrin and -acylaminocarbonamides. Sharpless asymmetric dihydroxylation of olefins offers one of the most efficient methods for the preparation of chiral diols, the key intermediates for many biologically active compounds. However, additional upstream unit operations necessitate to obtain the desired prochiral olefin, a substrate and N-methyl morpholine oxide, an oxidant, employing in molar ratio in asymmetric dihydroxylation. The one pot combination of three well-known reactions, namely palladium catalyzed Heck-olefination of iodoarenes, osmium catalyzed hydroxylation of an olefin and oxidative cleavage of vicinal diols to afford carbonyl compounds is described. We developed various multifunctional catalytic systems for the one pot synthesis of chiral diols through tandem and simultaneous reactions in a most economical way.
Section A: Heterogeneous Bifunctional Catalysts for the Synthesis of Chiral Vicinal Diols
	Heterogeneous bifunctional catalysts consisting of palladate-osmate and osmate-tungstate developed by the ion exchange on quaternary ammonium salts covalently bound to resin, and their homogeneous bimetallic analogues are evaluated for the synthesis of chiral vicinal diols. The heterogeneous bifunctional catalyst (resin-PdOs) and its homogeneous analogue are used in the tandem Heck-asymmetric dihydroxylation to afford diols with excellent yields and enantiomeric excesses (ee’s) in presence of various cooxidants. The other bifunctional catalyst (resin–OsW) and its homogeneous analogue are used in a simultaneous asymmetric dihydroxylation (AD)-N-oxidation of a wide range of olefins to obtain chiral vicinal diols with higher yields and ee’s using H2O2 as terminal oxidant.











Section B: Heterogeneous Bifunctional Catalyst for the Synthesis of Carbonyl Compounds
The scission of C=C double bonds is a synthetically important reaction to degrade large compounds or to introduce oxygen functionality into molecules. To obtain aldehydes from olefins that are not fully substituted, ozonization of olefins followed by a reductive workup and oxidative cleavage with osmium tetraoxide-sodium periodate  (Lemieux-Johnson reagent) are the two most frequently employed procedures. Although oxidative cleavage of double bonds using osmium/periodate catalytic system offers a number of processes that could be applied to the synthesis of pharmaceuticals, fine chemicals, etc., the high cost, toxicity, and possible contamination of osmium catalysts in the products restrict its use in industry. Heterogenization of the osmium on supports, a possible solution to address this issue. 
In this direction, we designed an unique one pot combination of three well known reactions mediated by a bifunctional catalyst consisting of active palladium and osmium species embedded in a single matrix to provide the desired prochiral olefins and vicinal diols in situ by Heck-olefination of iodoarenes, osmium catalyzed hydroxylation of an olefin, respectively for the oxidative cleavage of vicinal diols to unfold a low cost process. 

Scheme 9. Synthesis of carbonyl compounds via Heck-oxidative cleavage of olefins. 

One pot synthesis of carbonyl compounds using bifunctional catalyst in solution phase and comparison with their heterogenized analogues on various supports obtained via ion exchange method using periodate as the oxidant.
The plausible mechanism of the bifunctional catalytic Heck-olefination and periodate oxidation with osmium is depicted in Scheme 10. The vicinal diols generated in the dihydroxylation of in situ generated olefins undergoes oxidative cleavage in the presence of sodium periodate.



Scheme 10. The catalytic cycle in the LDH-PdOs catalyzed synthesis of carbonyl compounds using NaIO4 as the oxidant.













Significant Achievements:
  Development of nanopalladium catalysts for the activation of chloroarenes, the easily and cheaply available feedstock than bromo- and iodoarenes in the coupling reactions.
  Development of simplified and eco-friendly processes for the production of coupling products such as stilbenes, cinnamates, biphenyls, diphenyl acetylenes and arylstannanes.
  The evolution of single site industrially desired heterogeneous catalyst.
  The use of bifunctional catalysts permits the employment of cheaper raw materials and reduces the cost of unit operations thus influencing the economics of the process. 
  Use of highly expensive and toxic osmium tetroxide is dispensed with the reusable heterogeneous osmium catalysts.
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Scheme 8. The catalytic cycle in resin-PdOs catalyzed synthesis of chiral diols 









